The order parameter of a quantum-coherent many-body system can include a phase degree of freedom, which, in the presence of an electromagnetic field, depends on the choice of gauge. Because of the relationship between the phase gradient and the velocity, time-of-flight measurements reveal this gradient. Here, we make such measurements using initially trapped Bose-Einstein condensates (BECs) subject to an artificial magnetic field. Vortices are nucleated in the BEC for artificial field strengths above a critical value, which represents a structural phase transition. By comparing to superfluid-hydrodynamic and Gross-Pitaevskii calculations, we confirmed that the transition from the vortex-free state gives rise to a shear in the released BEC's spatial distribution, representing a macroscopic method to measure this transition, distinct from direct measurements of vortex entry. Shear is also affected by an artificial electric field accompanying the artificial magnetic field turn-off, which depends on the details of the physical mechanism creating the artificial fields, and implies a natural choice of gauge. Measurements of this kind offer opportunities for studying phase in less-well-understood quantum gas systems.
While gauge invariance is central to our description of nature, specific physical situations lend themselves to a natural choice of gauge that matters. A Bose-Einstein condensate's (BEC's) order parameter includes a gaugedependent phase. When a BEC is subjected to sufficiently rapid rotation (or a sufficiently strong artificial magnetic field [1] B), the BEC exhibits vortices: points at which the density vanishes and the phase is singular. For a finite system, the structural phase transition from a state in which the phase varies smoothly to one with a single phase singularity occurs at a critical magnetic field B cr , dependent on both particle-particle interactions and geometry [6] . In quantum gas experiments, images of time-of-flight (TOF) expanded clouds can reveal the vortex-nucleation transition [3] [4] [5] [6] via the appearance of local minima in the imaged atomic density, each associated with a vortex core. Here, we detected this structural phase transition via an abrupt shape-change in TOF-expanded BECs accompanying the appearance of vortices. As we see below, this change depends upon the "natural" gauge choice for our experiment.
In the description of many-body systems subject to a (real or synthetic) uniform magnetic field, the vector potential is generally written in the gauge most convenient for the problem at hand. Although the symmetric and Landau gauges are common choices, there is no a priori "natural" gauge. However, looking beyond the simple specification that the magnetic field is uniform, the physical mechanism that creates the magnetic field often suggests a specific gauge choice: any magnetic field created by a single electric current has a natural gauge determined by the geometry in which the vector potential is proportional to the electrical current. In this sense, the symmetric gauge is a natural gauge for an infinite cylindrical solenoid [ Fig. 1(a) ], and the Landau gauge is a natural choice for two parallel counterflowing sheets of current [Fig 1(b) ]. Analogous to an infinite solenoid, the synthetic magnetic field for rotating systems is most naturally expressed in the symmetric gauge A = (−Bye x + Bxe y )/2 because changes to the rotation rate lead to changes of A having the form of the symmetric gauge. As in the case for two sheet currents, our experiment's [7] synthetic magnetic field B is derived from an engineered vector potential [7] that most naturally takes the Landau form A = −Bye x , because the coupling between laser fields along e x only affects the component of A along e x [ Fig. 1(c) ]. Two experiments starting with the same B and ending with zero magnetic field can manifest different physical outcomes without violating gauge invariance, since the electric field E = −dA/dt associated with the change [2] is determined by the physical mechanism that creates B. In any gauge, the vector potential change ∆A resulting from modifications to experimental parameters is, in this interpretation of the natural gauge, directly proportional to the natural gauge.
In this work, we studied 87 Rb BECs subject to uniform laser-induced synthetic magnetic fields. The constituent bosons experienced a Lorentz force, just as would charged particles in a magnetic field. This synthetic magnetic field was continuously tunable from 0 to above B cr . BECs are characterized by the complex-valued order parameter ψ(r) = ρ(r) exp [iφ(r)] with superfluid density ρ(r) and phase φ(r). The Gross-Pitaevskii equation (GPE) gives the time dependence of ψ. The single-valuedness of the phase lends the superfluid system one of its defining properties: irrotationality. of mass m. Notice that irrotationality applies to the local per-particle canonical momentum p(r) = ∇φ(r), i.e., ∇ × p = 0, but neither to velocity nor mechanical momentum p m (r) = mv(r) = p(r) − A(r).
We prepared trapped, equilibrated [9] BECs in one of three configurations: (i) B = 0, a reference case described by standard superfluid hydrodynamics [ Fig. 2(a,d) ]; (ii) 0 < B < B cr , described by modified superfluid hydrodynamics [ Fig. 2 (b,e)]; and (iii) B > B cr , with vortices [ Fig. 2(c,f) ]. For all cases, we initiated TOF by abruptly removing the confining potential V (r) and rapidly making the vector potential A = 0. Effectively [10] , this rapid turn-off left φ(r) unaltered and mapped the gaugedependent canonical momentum p just before TOF (at t 0 − ) onto the gauge-independent mechanical momentum just after TOF began (at t 0 + ):
Measuring the shearing motion in TOF, which has contributions from the initial velocity field v(r) and the position-dependent electric force, allows us to distinguish between cases (i), (ii), and (iii).
Case (i): The B = 0 expansion of a repulsively interacting BEC released from a harmonic trap is well-studied: zero-point energy is typically negligible and interactions between the atoms dominate. In the ground state, the constant (in situ) phase gives p m (t 0 + ) = 0. The familiar inverted-parabola Thomas-Fermi profile of harmonically trapped BECs [11] is preserved by the interaction-driven expansion during TOF [12] .
Case (ii): Modest magnetic fields (0 < B < B cr ) alter the interaction-dominated TOF expansion, as was demonstrated in vortex-free rotating BEC systems [13] . The in situ phase φ(r) is everywhere well-defined and the canonical momentum p(r) differs from the mechanical momentum p m (r) due to the presence of the vector potential that gives B = ∇×A(r). The t = 0 − canonical momentum in the Landau gauge
also defines p m (t 0 + ), where −1 <˜ < 1 is a trapand cyclotron-frequency-dependent anisotropy parameter [see Eq. (5) and Ref. 14] . Here the anisotropy is large, so that˜ is nearly −1; compared to previous measurements [7] in a cylindrically symmeteric trap (˜ = 0), the canonical momentum components are small. (In the corresponding symmetric gauge expression˜ + 1 is replaced by˜ .) Case (iii): Vortices significantly affect the TOF expansion. At the location of each vortex, the phase is singular [ Fig. 2 (c)], with a 2π-winding around it. As an example, a vortex centered at the origin of a cylindrically symmetric system contributes a phase φ(r) = tan −1 (y/x), and the t = 0 − canonical momentum in the Landau gauge is approximately
As before, this in-trap canonical momentum becomes the mechanical momentum p m (t 0 + ) as TOF begins. We estimate the relative shear of these configurations from their momenta at t 0 + . Case (i) is shear free. For case (ii), the momentum along e x has typical scale |p m · e x | ≈ (˜ + 1)By/2. In the presence of many vortices [case (iii), in the diffused vorticity limit [15] ] this increases by N v y/R 2 , where R is the characteristic system size and N v is the total number of vortices. The difference is proportional to n v y, where n v is the areal vortex density, leading to an abrupt increase in the shearing momentum when vortices enter [ The transition between configurations (ii) and (iii) at B cr occurs when the system can lower its energy by admitting a vortex; this critical field depends on the system's trap and interaction parameters [6] . The critical cyclotron frequency Ω cr C = B cr /m, above which vortices are energetically stable [6, 16] may be estimated as Ω
1/2 is the mean transverse ThomasFermi radius in a harmonic potential with frequencies ω x,y,z . The healing length ξ = ( 2 /2mµ) 1/2 sets the characteristic vortex core size, where µ = n 0 (4π 2 a s /m) is the central mean-field energy, a s is the s-wave scattering length [17] , and n 0 is the central density. For the parameters in this experiment, Ω cr C /2π = 12.0(1.1) Hz. We prepared BECs with N ≈ 1.4(3) × 10 5 in the f = 1 ground state hyperfine manifold at the intersection of two λ = 1.064 µm laser beams [ Fig. 1(c) ].
The resulting potential was approximately harmonic and had measured frequencies {ω x , ω y , ω z }/2π = {10.1(1), 47.3(3), 90(1)} Hz [18] . We implemented an artificial magnetic field [6, 19] using the combination of two counterpropagating λ R = 790.1 nm Raman lasers [ Fig. 1(d) ] traveling along ±e x in conjunction with a (real) magnetic field B ∼ = (B 0 + B y)e y , giving a gradient in detuning from Raman resonance g F µ B B /h along e y ranging from 0 to 640 Hz/µm. This gave effective cyclotron frequencies ranging from Ω C /2π = 0 to 20 Hz.
To study the evolution of the density distribution after mean-field-driven expansion, we released the atoms from the trap, and adiabatically transformed the Ramandressed superposition into a single Zeeman level for imaging [20] in the first 2 ms of TOF [18] . The cloud expanded for a total of 36.2 ms TOF before being imaged along e z [ Fig. 2(j,k,l) ]. Figure 2 (a-f) shows computed in situ phase and density distributions for a range of cyclotron frequencies. Vortices nucleate only above Ω cr , here only in panels (c) and (f). For this geometry, the system's ground state consists of a linear chain of vortices; larger cyclotron frequencies or less anisotropy would result in a regular vortex lattice. (In the experiment, the vortices have not equilibrated to their ground state configuration [9] .) Figure 2(g-l) depicts calculated and measured TOF densities; the cloud's shear increases monotonically with increasing cyclotron frequency Ω C = B/m [e.g., there is a small shear in Fig. 2(h,k) and a large shear for Fig. 2(i,l) ]. For strong artificial fields the observed density distributions were irregularly fragmented [ Fig. 2(l) ], while the computed clouds were ordered. These observations are both consistent with the presence of vortices -disordered in the case of experiment -whose characteristic phase gradients cause density modulations after TOF. The generic e y -aligned stripes present in TOF [ Fig. 2(i,l) ] result from the predominantly e y -expansion from the anisotropic trap.
We obtained TOF images at various artificial field strengths, and fit the resulting 2D column densities to a sheared Thomas-Fermi profile
where A is the n TOF 0 density; R x,y are Thomas-Fermi radii; and a xy is a dimensionless shear parameter. We obtain a measure of the fragmentation from the fit residuals
2 . Figure 3 (a) shows that F sharply increases [18] around Ω C /2π = 15 Hz, an indication of the transition to the BEC's vortex phase.
Additional evidence for the entrance of vortices into this anisotropically trapped BEC is the behavior of the shear parameter a xy : Fig. 3(b) shows a xy sharply increasing above Ω C /2π = 15 Hz, in reasonable agreement with the predicted critical cyclotron frequency Ω crit C /2π = 12.0(1.1) Hz. We compare this result to two calculations.
The first calculation, the usual hydrodynamic description [14, 15] , valid only in the absence of vortices, is modified to include the artificial magnetic field from a Landau-gauge vector potential [19] , predicting the in situ density
and the canonical momentum
1/2 are modified Thomas-Fermi radii with effective trapping frequenciesω i , whereω
can be obtained self-consistently from these equations [15, 19] . These distributions are propagated in TOF using the hydrodynamic equations for comparison to the measured distributions. From these calculated TOF distributions, we extracted the shear parameter and compared it with the measurement, as shown in Fig. 3(b) .
The second calculation uses the GPE, which is valid for all our cases. We numerically found the GPE ground state at each B and then used the time-dependent GPE to calculate TOF evolution [18] . We find excellent agreement both with the amount of shear in the cloud for all configurations and in the location of the critical artificial field strength for vortex nucleation.
To understand the impact of the experimentally dictated natural gauge, we investigated the effects of different gauge choices. We performed GPE calculations as described above to obtain a xy for two alternate gauge choices with the same B: the symmetric and Landau gauges. We compared these to the Raman system described above (which, as shown in Fig. 4(a) , deviates only slightly from the ideal Landau gauge choice). Though the Landau and symmetric gauge atomic systems are identical before release, their TOF responses differ because of their different electric field impulses at turn-off, which reflect each system's natural gauge [ Fig. 4(b) ]. For B < B cr , this electric field impulse produces a significantly larger shearing when the symmetric gauge is natural. This behavior reflects the fact that the gauge-dependent in situ canonical momentum, which becomes p m (t 0 + ), is different in the two cases. Each system reacted to the entrance of vortices with a marked change in a xy , here positive, as set by the vortices' direction of circulation, but with a significantly different character.
In conclusion, we showed that the shape of the cloud observed after TOF is strongly affected by the presence of vortices and signals the vortex nucleation transition. By exploiting the connection between phase and velocity, we were able to extract topological features of our system's order parameter from the TOF density distribution. Our experiment's anisotropic geometry and Landau-like natural gauge led to a signal that made this transition particularly clear. By comparing to what would have happened in the symmetric gauge, we showed that the gauge choice can make a significant difference in the experimental outcome. In the future, techniques that match a system's geometry to the artificial field's natural gauge might be used to selectively excite edge modes in coldatom quantum-Hall-like systems [21] [22] [23] .
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Effects of Raman dressing: In addition to producing an artificial magnetic field, the combination of Raman dressing and real magnetic field gradient used in these experiments contributed a scalar potential that locally depended on both Raman coupling strength and detuning from Raman resonance. (The spatially-dependent, lowest-energy eigenstates of the system with Raman coupling plus magnetic field and field gradient along e y experienced an effective harmonic antitrapping potential.) This variation was measured experimentally by recording the frequency of dipole oscillation in the harmonic trap, confirming the weakened trapping potential along e y . We fit the resulting trap frequency to a phenomenological second-order polynomial as a function of cyclotron frequency and included this modification of the trapping potential in the superfluid hydrodynamic calculations:
, where a = 0.038(3) (Hz)
and b = 2.1(9) Hz and c = 47.5(4) Hz . We also fully accounted for the Raman-induced anistropic effective mass in this system [S1, S2] in the superfluid hydrodynamics calculations. In contrast, both the modified trapping potential and the effective mass are automatically accounted for in the Raman-system GPE calculations, where the full dispersion relationship was used, and no corrections are applied (see Notes on GPE calculations). Atom number: Our measurements of shear are relatively insensitive to atom-number differences between experimental realizations. For B < B cr , the shear a xy is depends only weakly on N . The atom number, N = 1.4(3)×10 5 was determined from the TOF Thomas-Fermi radii R y . The uncertainty is the standard deviation of the measurements, and represents shot-to-shot fluctuations.
Trap and B turn-off
The optical trapping potential was turned off at t = 0 in less than 1 µs. Concurrently, the artificial magnetic field was removed by adiabatically transforming the Raman-dressed superposition into a single Zeeman state, |f = 1, m F = 1 , by simultaneously ramping the Raman intensity to zero and sweeping the bias magnetic field away from Raman resonance. This process was complete over the first 2 ms of TOF. Under this process, the 1/e time of turn-off of the vector potential was 130 µs and during this time, the cloud expanded only slightly while artificial field effects were significant. Our GPE numerical calculations ignore the effects of this artificial field during the initial mean-field expansion and assume that all expansion occurred without the Raman beams present. The agreement between our experimental and numerical results validate this assumption, as expected for an impulse that is short compared to typical timescales for expansion. In the main text, we simplify the turn-off and consider "t = 0 + " to be the time when all Raman coupling effects are removed.
Due to the large final Raman detuning, the final vector potential A f = A f e x is non-zero, but uniform. This turn-off can be thought of as a two-step process. After the first step, A → 0 and the mechanical momentum p m (t 0+ ) = p m (t 0− ) − Bye x [equal to the initial canonical momentum p(t 0 )] was changed by an amount proportional to A in the Landau gauge. Physically, this change in mechanical momentum resulted from the electric field induced as A → 0. In the second step A = 0 → A = A f , giving the final mechanical momentum p m (t 0 + ) = p m (t 0 + ) − A f , shifted by a constant A f from the intermediate momentum p m (t 0+ ), because neither A = 0 nor A = A f have any spatial variation. As it is the spatially dependence that is of interest here, we consider in the main text the quantity p m (t 0+ ). Effectively, the spatial variations of p m (t 0+ ) and p m (t 0+ ) are identical and independent of A f , allowing us to consider only the A f = 0 case in the main text, where we use p m (t 0+ ).
Notes on GPE calculations
We modelled our system using a 2+1 dimensional simulation, wherein we assumed a Thomas-Fermi profile along e z , and solved the resulting 2D GPE in the e xe y plane, appropriately modified to account for the real 3D profile by including a position-dependent interaction factor [S3] . We used imaginary-time propagation [S4] to determine the initial wavefunctions, and evolved the system using a split-time spectral method [S5] . For the Raman-coupled GPE calculations, we assumed that the atoms remained in the lowest Raman dressed beam and used the energy versus momentum dispersion relation from the exact 3-level Raman-coupling Hamiltonian [S3] to describe the GPE's kinetic energy (which in this case is only modified along e x ). In the presence of a detuning gradient along e y , this dispersion depended upon y. This simulation accounts for both the non-uniformity of B and all contributions to the potential energy. The calculation is valid for all three cases described in the main text, and for example correctly predicts the low-field shear, Ω C for the onset of vortex nucleation, and the shear with vortices. The regular structure in the simulated TOF distribution we see in case (iii) [ Fig. 2(i) ] results from the regularity of vortex positions in situ. If we start the GPE calculation with vortices seeded at random positions and allow the system to equilibrate, the vortices will eventually form a single row along the long axis, as seen in Fig. 2(f) . Figure S1 shows a simulation with the same parameters as Fig. 2(i) , but before equilibration. This strongly resembles the experimental result with the same parameters, Fig. 2(l) .
In our comparisons to the idealized gauge cases, we fit the vector potential computed for the Raman-coupled Hamiltonian near the trap centre to that of the Landau gauge for a uniform B. We then used the same field value B for the symmetric gauge calculation.
Note that the cyclotron frequency differs by a factor of two from the rotation frequency used in a similar expressions for rotating systems, as in Ref. S6 and elsewhere.
Vortex nucleation
In the main text, we approximate the canonical momentum in case (iii) under the assumption of a single vortex at the centre of the cloud, and make the assumption that the healing length, i.e., the vortex core size, is much smaller than the Thomas-Fermi radius.
Fragmentation parameter: The measured fragmentation parameter plotted in Fig. 3(a) in the regime of case (iii) is non-monotonic as a function of Ω C due to the details of the imaging process: though we see an initial increase as B increases beyond B cr , it does not continue to increase. As more vortices enter the system, the TOF density variations increase in their spatial frequency, and due to the limited resolution of our imaging, this measure of fragmentation decreases for higher spatial frequencies.
